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Abstract 
          Strong spin-orbit interaction (SOI) in graphene grown on tungsten disulfide 
(WS2) has been recently observed, leading to energy gap opening by SOI. Energy gap 
in graphene may also be induced by sublattice symmetry breaking (SSB) where energy 
level in A-sublattice is not equal to that in B-sublattice. SSB-gap may be produced by 
growing graphene on hexagonal boron nitride or silicon carbide. In this work, we 
investigate transport property in a SOI/SSB/SOI gapped graphene junction, focusing 
the effect of interplay of SOI and SSB. We find that, lattice-pseudospin polarization 
(L-PSP) can be controlled perfectly from +100% to -100% by gate voltage. This is due 
to the fact that in graphene grown on WS2, the carriers carry lattice-pseudo spin degree 
of freedom "up and down". The SSB-gapped graphene exhibits pseudo-
ferromagnetism to play the role of lattice-pseudospin filtering barrier. It is also found 
that the SOI and SSB-gaps in graphene may be measured by characteristic of L-PSP in 
the junction. The proposed controllable-lattice-pseudospin currents may be applicable 
for graphene-based pseudospintronics.       
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1.Introduction 
Graphene, a two-dimensional single layer of graphite, has become one of 
promising 2-dimensional materials for future technology [1-4]. Graphene is formed by 
carbon atoms arranged in a honeycomb lattice consisting of two sublattices A and B in 
a unit cell. Undoped graphene behaves like a gapless semiconductor [5]. The 
conduction and valence bands of graphene touch at precisely two kinds of inequivalent 
corners k  and k ′  of the first Brillouin zone, yielding its carriers to have valley degree 
of freedom [6]. The carriers possess the 2-dimensional Dirac fermion where the wave 
functions of electron in A- and B- sublattices and the Fermi velocity 610 /Fv m s≅ play 
the role of lattice-pseudospin states and the effective speed of light, respectively. 
Control of spin and valley currents is significant for applications of spintronics and 
valleytronics, respectively. Graphene may be induced into ferromagnetism by mean of 
proximity effect [7-11]. Control of spin currents is possible in a ferromagnetic 
graphene junction [12-16]. The valley-polarized currents in graphene junction may be 
generated when local strain and magnetic vector potential are applied into graphene 
junction [17-19]. The application of lattice-pseudospin, pseudospintronics, has also 
been interested [20]. The highest transverse lattice-pseudospin component occurs in 
gapped graphene system when the energy of electron approaches the bottom of the 
band dispersion to generate the so-called “pseudo-ferromagnet” [21]. The energy gap 
opening in graphene at k  and k ′  points is required to study transport affected by 
lattice-pseudospin [21-25]. In previous studies of pseudo-magnetotransport in 
monolayer [21-24] and bilayer [25] graphene junctions, although lattice-pseudospin 
currents were predicted to be polarized, lattice-pseudospin polarization cannot be 
controlled by external force. In case of graphene with energy gap gapE , the carriers 
possess the massive Dirac fermions with effective mass obeying the relativistic-like 
relation 2/ 2gap Fm E v= . The breaking of sublattice-symmetry-induced gap may be 
created by means of substrate-induced-gap methods [26-29]. Firstly reported, graphene 
grown on silicon carbide (SiC) has been found to generate energy gap of 260 meV [26] 
while graphene grown on hexagonal boron nitride (h-BN) may yield the energy gap of 
about 56 meV [27]. Very recently, the large energy gap 0.5 eV produced in graphene 
grown on SiC(0001) surface has been reported by Nevius et al [29]. Large energy gap 
is significant for applying graphene as a good semiconductor. 
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In general, spin-orbit interaction (SOI) intrinsically present in graphene is too 
weak [30-33]. Spin-orbit interaction may produce quantum spin Hall state at the edge 
of graphene applicable for topological electronic devices. Also it may yield the so-
called spin-orbit-interaction gap in which its property is different from sublattice-
breaking-symmetry gap. The various methods to enhance the magnitude of SOI in 
graphene have been proposed [34-37]. Avsar et al. [38], have reported that an artificial 
interface between single layer graphene and few-layer tungsten disulfide (WS2) may 
lead graphene to acquire spin-orbit-interaction up to 17 meV. Very recently, substrate-
induced SOI of about 5 meV has been experimentally observed in graphene on WS2 
substrate [39]. The success to amplify SOI in graphene by substrate interaction using 
WS2 [38, 39] may be applicable for several devices such as spin- and valley-current 
based devices. 
In this paper, transport property in the system of graphene on WS2 substrate is 
investigated where sublattice-symmetry-breaking (SSB) gap is assumed into the 
barrier. The SSB-gapped graphene may be induced via interaction by substrates such 
as SiC [29] and h-BN [27]. The SOI-gapped graphene may be induced by WS2 
substrate [39]. In this work, the control of lattice-pseudospin currents is focused. 
Induced directly by the interplay of SOI and SSB gaps, we will show how lattice-
pseudospin currents can be controlled completely by gate voltage.           
    
2. Hamiltonian model  
         In this section, we begin with tight-binding Hamiltonian based on ref.[40]  
including the effect of spin orbit interactions SOIΔ , Rashba spin-orbit interaction RΔ  and 
strength of breaking of energy level in A- and B-sublattices SSBΔ  as given by 
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                                                                                                                        (1) 
where 2.7t meV≈ −  and GU are graphene's hoping energy and gate-induced potential 
energy, respectively. †( ), ( )i jc α β is a creation operator of electron with spin polarization 
( )α β  at site ( )i j . ,i j  and ,i j  stand for  summation overall the nearest and next-
 4
nearest-neighbor hoping sites, respectively. We have 1( 1)ijν = − if the next-nearest-
neighbor atom is counterclockwise (clockwise) with respect to the z-axis 
and 1( 1)iλ = − for A-(B-) sublattice. ˆijd  represents unit vector connecting atom i  and 
j in the same sublattice. , ,x y zτ τ τ τ=< >G  and , ,x y zσ σ σ σ=< >G  are Pauli spin matrix 
vector acting on realspin and lattice-pseudospin of electron, respectively. Graphene 
grown on WS2 in ref.[39] has found that 5SOIΔ ≈ meV and 1RΔ ≈  meV. In the limit of 
R SOIΔ Δ<< , the effect due to Rashba spin orbit interaction is neglected. Hence, the low-
energy Hamiltonian used to describe the quasiparticle in this system may be given by 
[39, 41]  
 
                      ˆ ˆ ˆx y z zF x F y SOI SSBH v p v p s Uη σ σ η Δ σ Δ σ= + + + + ,                        (2)                                        
where 1( 1)η = −  and 1( 1)s = −  stands for ( )k k′ valley and realspin ( )↑ ↓ , respectively. 
( ) ( )ˆ x y x yp i= − ∂=  is the momentum operator. The Hamiltonian above would act on wave 
states called "lattice-pseudospin states", as given by 
                                                  ˆ s sH Eη ηψ ψ=  ,                                                   (3) 
where 
                                           As
B
η
ψψψ ψψ
⇑
⇓
⎛ ⎞⎛ ⎞= ≡ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠
  .                                                (4)   
The excited energy is denoted by E . The wave states of electron in A-(B-) sublattice 
( )A Bψ  may be considered as equivalent to the amplitude of lattice-pseudospin ( )⇑ ⇓  in 
the z-direction or wave states of electron in A-(B-) sublattices [20].  
 
3. Scattering process in a SOI/SSB/SOI gapped graphene junction 
         In our model, a SOI/SSB/SOI gapped graphene junction is depicted in Fig.1(a). 
The SOI-regions may be provided by growing graphene on WS2 substrate, while the 
SSB-region with thickness L may be provided by growing graphene on h-BN or SiC 
substrate. The current in the junction is assumed to flow in the x-direction. Using the 
data given by ref.[39], in graphene grown on WS2 carrying the electronic properties 
that 0SOIΔ ≠  and 0SSBΔ = . The Hamiltonian describing electronic field in the SOI-
regions, region-1 and 3, may be therefore given by    
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                                        1,3ˆ ˆ ˆ
x y z
F x F y SOIH v p v p sη σ σ η Δ σ= + + .                      (5) 
Graphene grown on h-BN [27] or SiC [29] substrate may give rise to 0SOIΔ =  
and 0SSBΔ ≠ . The Hamiltonian in the SSB-region, region-2, is thus given as 
                                      2ˆ ˆ ˆ
x y z
F x F y SSB GH v p v p Uη σ σ Δ σ= + + + .                      (6) 
         The wave function describing the scattering process in the system may be given 
by solving the wave equations above. The wave functions in region-1, 2and 3 are 
respectively obtained as 
                                  1
1 1
[ ] ik yikx ikxi ie r e eAe Aeηθ ηθ
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                                  2
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                                   3
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                                                                                                                         (7) 
The conservation component is defined by the momentum in the y-direction of the 
form 
                  
( ) ( )2 22 2( ) ( )
sin( ) sin( )SOI G SSB
F F
E E U
k
v v
θ β− Δ − − Δ= =& = = ,           (8) 
which is used to determine the angle of incidence in the barrier region. By matching 
the wave function in eq. 7 with the boundary condition of 1 2( 0) ( 0)x xψ ψ= = =  
and 2 3( ) ( )x L x Lψ ψ= = = , the coefficients , ,r a b  and t  can be calculated. By doing 
this we get the spin-valley-dependent transmission coefficient, given below 
        
( ) ( )( )
( ) ( ) ( ) ( ) ( ) ( )( )
2 2
2 22 2 2
1 1
( )
1 1
i q k L i i
s i i i qL i qLiqL
ABe e e
t
ABe A B e e AB e e
ηβ ηθ
η η β θ η β θ ηβ ηθθ
− −
+ + + +
+ += − + − + + + . 
                                                                                                                          (9) 
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4. Conductance and lattice-pseudospin polarization  
         In this section, using the Landauer formula [42], the spin-valley-dependent 
conductance formulae would be given by the integration overall the angle of incidence, 
given by 
 
                                        
2 2
/21
0 /2
1 ( ) cos( )
8s s
E
G G T d
E
π
η ηπ θ θ θ−
− Δ= ∫  ,       (10) 
where *( ) ( ) ( )s s sT t tη η ηθ θ θ= is transmission.
2
0 0
4 ( )eG N E
h
= is unit conductance with 
0
F
wN ( E ) | E |
v
= π= being the density of state for gapless graphene. w  is the width of 
graphene sheet, and 2 2SOI
F
wN( E ) E
v
= −Δπ=  is density of state at the transport 
channel for gapped graphene. Furthermore, the total conductance G can be calculated 
using the summation of all spin-valley conductances, k k k kG G G G G′ ′↑ ↓ ↑ ↓= + + + . 
        Recalling the realspin-and valley-polarizations, they may be usually defined 
respectively as 
                               100 100k k k k
G G ( G G ) ( G G )
RSP % %
G G
′ ′↑ ↓ ↑ ↑ ↓ ↓− + − += × = × , 
and                          100 100k k k k k k
( G G ) ( G G )G GVP % %
G G
′ ′ ′↑ ↓ ↑ ↓+ − +−= × = × , 
                                                                                                                  (11) 
where k k k kG G G ,G G G′ ′↑ ↑ ↑ ↓ ↓ ↓= + = +  and k kk k k kG G G ,G G G′ ′ ′↑ ↓ ↓ ↓= + = + . As we have 
seen the definition of realspin-and valley-polarizations, it is easy to understand their 
properties. The net-current in the junction is carried by four current groups, 
k k kI ,I ,I ,′↑ ↓ ↑ and kI ′↓ . In this section we are going to talking about the lattice- 
pseudospin currents that may yield the lattice-pseudospin polarization (LSP) defined in 
similar way as RSP and VP.  
         In the model, we may consider that carriers of the system are governed by 
electron in graphene grown on WS2, while the region-2, graphene grown on h-BN or 
SiC-substrate region, is just a filtering barrier. To consider the carrier's lattice 
pseudospin state by beginning with plane wave electron with momentum k ,k< ± >&  
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valley k ,k′η =  and spin s ,=↑ ↓  , wave function in graphene grown on WS2 may be 
taken to be of the form 
 
                                  ,
1 ikx ik y
s k i eAe
± +
± ±
⎛ ⎞≈ ⎜ ⎟±⎝ ⎠
&
η ηθψ . 
 
The expectation value of lattice-pseudospin may be given by a usual quantum formula 
                                                    
                                    - , - ,,
ˆ
LP spin s k LP spin s ks k
s s± ±± =
G G
η ηη ψ ψ . 
To get 
            
2
- ,
ˆ ˆˆ1 cos( ) sin( ) j
2 2
SOI SOI
LP spin s k
ss i k
E E±
Δ Δ⎛ ⎞ ⎡ ⎤= ± − ± +⎜ ⎟ ⎣ ⎦⎝ ⎠
= =G
η
ηη ηθ ηθ . 
                                                                                                                     (12) 
Here, the lattice pseudo spin operator is given as -ˆ / 2LP spins =G K=σ  and ˆ ˆi , j  and kˆ are 
unit vectors along the x-,y- and z-directions, respectively. We will see that, in the limit 
of 1SOIE / Δ → , expectation value of lattice-pseudospin may be obtained as 
                                             - ,
ˆ
2LP spin s k
s s k± →
=G
η η ,                                     (13) 
to get 
                                           - - ˆ2LP spin LP spink k
s s k′↑ ↓= → + ≡ ⇑
=G G  
                                           - - ˆ2LP spin LP spink k
s s k′↓ ↑= → − ≡ ⇓
=G G . 
                                                                                                                        (14) 
This is very surprise, because in the regime of 1SOIE / Δ →  electron in k -valley with 
spin ↑  and  electron in k ′ -valley with spin ↓  exhibits lattice-pseudospin ⇑ , while 
electron in k -valley with spin ↓  and  electron in k ′ -valley with spin ↑  exhibits 
lattice-pseudospin ⇓ . By this way, the current in the junction may be separated into 
k kI I I ′⇑ ↑ ↓= +  and k kI I I ′⇓ ↓ ↑= +  where the net current is I I I⇑ ⇓= + . This result would 
allow us to define lattice-pseudospin polarization in the electronic junction in similar 
way as RSP and VP, given of the form 
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                  100 100k k k k
G G ( G G ) ( G G )
L-PSP % %
G G
′ ′⇑ ⇓ ↑ ↓ ↓ ↑− + − += × = × , 
                                                                                                                     (15) 
where k kG G G ′⇑ ↑ ↓= + and k kG G G ′⇓ ↓ ↑= + . More clarified, lattice-pseudospin 
polarization may give rise to controlling the current of the junction to flow on A or B-
sublattices. The SOI-region exhibits conductor with its carriers acquiring lattice-
pseudospin ⇑ and ⇓ .   
     
5. Filtering barrier using h-BN or SiC substrate (SSB-region) 
         In this model, we have taken graphene grown on h-BN or SiC substrate as a 
lattice-pseudospin filtering barrier, because in this region it may behave like pseudo 
ferromagnet (PF) [21, 22] where the magnitude of pseudo-magnetization (PM) can be 
controlled by gate voltage. To calculate the expectation value of the lattice-pseudospin 
in SSB-region given by  
                                                    
                                  - 2, , 2, ,2, ,
ˆ
LP spin s k LP spin s ks k
s s± − ±± =
G G
η ηη ψ ψ . 
 
where 2, ,
1 iqx ik y
s k i eBe
± +
± ±
⎛ ⎞≈ ⎜ ⎟±⎝ ⎠
&
η ηβψ . We thus get the expectation value of lattice-
pseudospin in the barrier of the from 
           
2
- 2, ,
ˆ ˆˆ1 cos( ) sin( ) j
2 2 ( )
SSB SSB
LP spin s k
G G
s i k
E U E U±
⎛ ⎞Δ Δ⎡ ⎤= ± − ± +⎜ ⎟ ⎣ ⎦− −⎝ ⎠
= =G
η η ηθ ηθ . 
                                                                                                                       (16) 
We will see that, in the limit of 1G SSBE U /− Δ →  
                  - max2, ,
ˆsgn( / [ ])
2LP spin SSB Gs k
s E U k PMη ± → Δ − ∝
=G ,                     (17) 
to get lattice-pseudospin only in one direction. This equation show that the barrier with 
SSB-gap would suppress lattice-pseudospin in some direction (see Figs.1(b) and 1(c)). 
The SSB-region plays the role of pseudo-ferromagnet acting on lattice-pseudospin 
direction. This property is applicable for lattice-pseudospin filtering device. We note 
that the formula above is done only for propagating state G SSBE U− ≥ Δ .   
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6. Result and discussion 
         In the numerical result, we investigate transport properties, by using the data 
given by ref.[39] for graphene grown on WS2 substrate which may yield 
5SOI meVΔ = , 0SSBΔ =  in SOI-region. Using the data given by ref.[27] for graphene 
grown on h-BN substrate which may yield 0SOIΔ = , 26 5SSB . meVΔ =  in SSB-region. 
Moreover, in graphene grown on SiC substrate in ref.[29] may yield 0SOIΔ = , 
250SSB meVΔ =  in the SSB-region.  
         We first study spin-valley conductances k k kG ,G ,G ′↑ ↓ ↑  and kG ′↓ as a function of 
gate voltage GU  in Figs. 2(a) and (b). It is found that k kG G ′↑ ↓= and k kG G ′↓ ↑= , leading 
to G G⇑ ⇓≠ . On the other hand, we find that G G↑ ↓=  and k kG G ′= . It is said that the 
studied junction may give rise to the L-PSP 0≠ , while we get 0VPS =  and 0SP = . 
This behavior may be described by the role of lattice-pseudospin coupling to SOI-and 
SSB, discussed in sections 4 and 5. In the left SOI-region, electron of states 
k , k ′↑ ↓ ≡ ⇑  and k , k′↓ ↑ ≡ ⇓  is injected into the pseudo-ferromagnetic 
barrier, SSB-region. The strongest pseudo-magnetization PM in the barrier may be 
proportional to expectation value of lattice-pseudospin in the z-direction for 
G SSBE U− ≥ Δ  at G SSBE U− → Δ , ie.,  
                                              , - ˆ2 ( )
SSB
z LP spin
G
PM s k
E U
Δ∝ = −
=G .                          (18) 
The maximum value of PM  is found at G SSBE U− = ±Δ  where "± " denotes direction 
of PM in z± axis. At this point G SSBU E= Δ∓ , the junction would produce 
100L-PSP %≈ ±  (see Fig3(a)). Linear control of L-PSP  as a function of gate potential 
for G SSBU < Δ  from +100% to -100% is predicted. The slope does not change despite 
varying L. This behavior may be used to measure SSB-gap width in the junction.  It is 
also found that only for 1SOIE / Δ → , the first point that gives 0L-PSP = is found at 
G SOIU = Δ  (see Fig.3(a)). Also, this may be used to measure SOI in the junction, 
precisely. In Fig.3(b), we show that the lattice pseudospin polarization does not occur 
when increasing SOIE >> Δ because there is no transverse lattice-pseudo spin in SOI-
regions (see eq.16). In this regime, pseudo magnetization goes to zero. The dips in 
L-PSP  found in Figs.3(a) and (b) may be described by tunneling resonance due to 
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interference of Dirac electron wave inside the barrier when the wave vector 
( )22( ) /G SSB Fq E U v= − − Δ = is real. There is no dips of L-PSP  found for 
G SSBE U− < Δ  because q  is imaginary. As seen in Fig. 2(b) for L=100nm, only at the 
resonant points given for G SSBE U− > Δ  the junction yields the same lattice-
pseudospin conductance peaks. This leads to the dips of 0L-PSP →  at the resonant 
points, given in Fig. 3. The period of the oscillation is proportional to qL . Thus, for a 
small thickness L=25nm the dips of L-PSP will be expected to occur when increasing 
GU  greater than 50meV .    
         Finally, we study L-PSP as a function of gate potential at 100L = nm and we 
take 1SOIE / Δ →  in Fig.4, for various values of SSBΔ . As a result, the slope of linear 
control of L-PSP  is found to adjustable by varying magnitude of SSB-gap in the 
barrier. Sharp switching of L-PSP  from +100% to -100% is predicted for magnitude 
of SSBΔ  being comparable to the magnitude of SOIΔ . As seen in Fig.4, it may be 
concluded that the lattice-pseudospin polarization would be generated in the junction 
only for 0SSBΔ ≠ . Since ( ) 2SSB A BE E /Δ = −  where A( B )E is energy level in A(B) 
sublattice, it is possible to take SSBΔ  to be either positive or negative [24, 43, 44]. 
When SSBΔ  becomes negative, the L-PSP  in Fig.4 will be switched to opposite sign, 
due to direction of PM being reversed (described by eq.18). The carriers with lattice-
pseudospin opposite to the PM-direction would be suppressed. Changing sign of SSBΔ  
thus just reverses the sign of L-PSP . 
 
7. Summary and conclusion 
         We have investigated SOI/SSB/SOI gapped junction where SOI- and SSB-
gapped graphene may be realized by growing graphene on WS2 [39] and h-BN [27] or 
SiC-substrate [29], respectively. As a result, we found that the junction lead to control 
of lattice-pseudospin currents by gate when energy approaches spin-orbit interaction. 
The L-PSP changes linearly from 100% to -100% by varying gate potential and the 
slope of linear response may be adjusted by varying SSBΔ . Graphene grown on h-BN or 
SiC plays the role of pseudo-ferromagnet to cause lattice-pseudospin currents filtering 
while the presence of SOI produces the carriers as a source of lattice-pseudospin-
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dependent carriers. The SOI and SSB-gaps in graphene may be measured by 
characteristic of L-PSP as a function of gate potential. We also have discussed the 
mechanism to produced L-PSP in the junction by the presence of lattice-pseudospin 
coupling to SOI and SSB in graphene. Our proposed junction may be important for 
applications of graphene-based pseudospintroncs. 
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Figure captions 
Figure 1 Schematic illustration of (a) SOI/SSB/SOI-gapped graphene junction where 
SOI- and SSB-gapped graphene are provided by growing graphene on WS2 and h-BN 
(SiC) substrate respectively. (b) The SSB-barrier exhibits pseudo-ferromagnet (PF) its 
magnetization (white arrows) being controlled by gate-voltage. To suppress some 
direction of lattice-pseudospin (dark arrows) in this junction leads to lattice-pseudospin 
filter.   
Figure 2 Plot of spin-valley conductances as a function of gate potential GU  for (a) 
L=25 nm and (b) L=100nm.   
Figure 3 Plot of lattice-pseudospin polarisation (L-PSP) as a function of gate potential 
GU  (a) for various values of L  and (b) for various values of E.    
Figure 4 Plot of lattice-pseudospin polarisation (L-PSP) as a function of gate potential 
GU   for various values of SSBΔ  .    
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